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Abstract
Objective  Mantle cell lymphoma (MCL) is an aggressive lymphoma sub-type with poor prognosis and high 18F-FDG avid-
ity at PET/CT; nowadays, no validated criteria for PET/CT in treatment response evaluation and prediction of outcome are 
present. The aim of study was to investigate whether the metabolic PET/CT features may predict treatment evaluation and 
prognosis in MCL.
Methods  We retrospectively enrolled 87 patients who underwent baseline 18F-FDG PET/CT and 85 end-of-treatment (eot) 
PET/CT. The baseline PET images were analyzed visually and semi-quantitatively by measuring the maximum standard-
ized uptake value body weight (SUVbw), lean body mass (SUVlbm), body surface area (SUVbsa), lesion-to-liver SUVmax 
ratio (L-L SUV R), lesion-to-blood pool SUVmax ratio (L-BP SUV R), metabolic tumor volume (MTV) and total lesion 
glycolysis (TLG). EotPET/CT was visually interpreted according to the criteria of the Deauville 5-point scale (DC). Survival 
curves were plotted according to the Kaplan–Meier method.
Results  At a median follow-up of 40 months, relapse/progression occurred in 47 and death in 23 patients. Median PFS and 
OS were 30 and 41 months. Baseline MTV and TLG were significantly higher in patients with progressive metabolic response 
compared to complete/partial response group. EotPET/CT results using DC significantly correlated with PFS, not with OS. 
MTV and TLG were demonstrated to be independent prognostic factors for PFS; instead the other metabolic parameters 
were not related to outcome survival. Considering OS, no variable was significantly associated.
Conclusions  EotPET/CT results (using DC), MTV and TLG were significantly correlated with response to treatment and PFS.
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Introduction

Mantle cell lymphoma (MCL) is a B cell non-Hodgkin’s 
lymphoma (NHL) representing about 5–10% of all NHLs 
[1]. For a definitive diagnosis, the existence of a t(11;14) 
translocation must be demonstrated by fluorescence in situ 
hybridization. This translocation results in overexpression 
of cyclin D, which may be used as a marker for the disease 
[1, 2]. Despite recent improvements in therapy field, MCL 

have usually poor prognosis and only a minority of patients 
have a longer survival; moreover, the risk of relapse is very 
high [2]. At the moment, no biological, pathological, or 
imaging markers to identify this subset are available as well 
as prognostic index. There has been an attempt to create 
a prognostic index called Mantle Cell Lymphoma Interna-
tional Prognostic Index (MIPI) [3] to better classify patients 
with MCL and predict prognosis, but the validation of this 
index has been reported with conflicting results [4, 5]. Also 
other histopathological features, like Ki-67 score or blas-
toid variant, have been studied with promising results [6, 7]. 
Fluorine-18-fluorodeoxyglucose positron emission tomog-
raphy/computed tomography (18F-FDG PET/CT) has been 
demonstrated to have excellent sensitivity in the detection 
of nodal involvement in patients with MCL [8, 9]. However, 
the sensitivity for detection of disease in the bone marrow 
(BM) and gastrointestinal (GI) district is low and inadequate 
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to replace routine BM biopsy and GI endoscopy in disease 
staging [10–12]. Moreover, the role of 18F-FDG PET/CT in 
restaging and treatment response evaluation in MCL seems 
to be good [5, 8, 13–16], while its role in follow-up is limited 
[17]. So far, no studies about the prognostic usefulness of 
18F-FDG PET/CT metabolic features in MCL are available. 
An identification of validated prognostic criteria could be 
crucial because it could modify patient management and 
treatment. More sophisticated prognostic stratification are 
required to identify subgroups who might benefit from more 
aggressive treatments, or in whom the prognosis is already 
sufficiently good to obviate more conservative treatment 
approaches.

The aim of our study was to investigate whether the met-
abolic PET/CT parameters can predict treatment response 
and prognosis in MCL. Moreover, we verified the potential 
application of Deauville criteria at end-of-treatment PET/
CT.

Materials and methods

Patients

We have retrospectively screened about 30,000 patients stud-
ied with 18F-FDG PET/CT in our Nuclear Medicine center 
from February 2007 until February 2018 using our institu-
tional Radiology Information System (RIS). Among these 
patients, 97 patients with histologically proven MCL were 
retrospectively enrolled. Patients with concomitant malig-
nancy or without baseline or eotPET/CT were excluded 
from the analysis. Finally, 87 patients were recruited; his-
topathological diagnosis revealed MCL in all the cases. We 
reviewed the medical records of these 87 patients analyz-
ing epidemiological features (gender and age at diagnosis), 
morphological features (bulky disease and splenomegaly), 
clinical data (B symptoms, MIPI score, lactate dehydroge-
nase (LDH) level and β2-microglobulin level), histopatho-
logical data (Ki-67 score and blastoid variant) and metabolic 
features by 18F-FDG PET/CT. MIPI score, LDH level and 
β2-microglobulin were dichotomized using a cutoff value of 
2, 245 U/L and 2.8 mg/L, respectively. Bulky disease was 
defined when the maximum width is equal or greater than 
one-third of the internal transverse diameter of the thorax 
or at an alternative site was defined as any mass measuring 
10 cm or more by any imaging study. Splenomegaly was 
defined when cranial-caudal diameter was > 13 cm as sug-
gested by Lugano recommendations [18]. Proliferative activ-
ity, measured by Ki-67 score, was available in 79 patients; 
the Ki-67 expression level was arbitrarily divided into two 
groups: ≤ 15% and > 15%.

All the patients were treated according to the institution’s 
standard protocol with chemotherapy regimen. Twenty-one 

patients were treated according to R-BAC regimen up to six 
cycles of immuno-chemotherapy including Rituximab, Ben-
damustine and Cytarabine; 56 patients according to R-CHOP 
(Rituximab, Cyclophosphamide, Hydroxydoxorubicine, 
Oncovin and Prednisone) or alternating R-CHOP/R-DHAP 
(Rituximab, Dexamethasone, high-dose Ara-C cytarabine, 
and Cisplatin) regimen followed by autologous stem cell 
transplantation; and the remaining 10 patients were treated 
according to MCL 0208 trial which consisted of high-dose 
chemotherapy additioned with Rituximab, followed by 
autologous stem cell transplantation and Lenalidomide as 
maintenance therapy [19].

18F‑FDG PET/CT imaging and interpretation

All the patients underwent baseline 18F-FDG PET/CT 
before chemotherapy and then at completion of therapy after 
six cycles (eotPET/CT). 18F-FDG PET/CT was performed 
after at least 4 h fasting and with glucose blood level lower 
than 150 mg/dl. An activity of 3.5–4.5 MBq/Kg of 18F-FDG 
was administered intravenously and scans were acquired 
about 60 min after radiotracer injection from the skull basis 
to the mid-thigh on a Discovery ST or Discovery 690 PET/
CT tomograph (General Electric Company—GE®—Mil-
waukee, WI, USA) with standard parameters (CT: 80 mA, 
120 kV without contrast; 2.5–4 min per bed-PET-step of 
15 cm); the reconstruction was performed in a 128 × 128 
matrix and 60 cm field of view. Time-of-flight (TOF) and 
point spread function (PSF) were used as reconstruction 
algorithms; filter cutoff 5 mm, 18 subsets; three iterations. 
Written informed consent was obtained before studies for 
every patient.

Baseline PET/CT was performed within 14 days before 
the first cycle of chemotherapy and eotPET/CT was done at 
least 3 weeks after the completion of therapy.

The PET images were analyzed qualitatively by visual 
analysis and semi-quantitatively by measuring the maximum 
standardized uptake value body weight (SUVbw), maximum 
standardized uptake value lean body mass (SUVlbm), maxi-
mum standardized uptake value body surface area (SUVbsa), 
lesion-to-liver SUVmax ratio (L-L SUV R), lesion-to-blood 
pool SUVmax ratio (L-BP SUV R), metabolic tumor vol-
ume (MTV) and total lesion glycolysis (TLG). Readers had 
knowledge of clinical history, and every focal tracer uptake 
deviating from physiological distribution and background 
was regarded as suggestive of disease; it was defined as 18F-
FDG activity higher than the surrounding tissue on visual 
analysis. EotPET/CT was interpreted visually by two nuclear 
medicine physicians with experience in lymphoma imaging 
(FB, GB) using the Deauville five-point scale. In case of 
discordance, a third opinion was requested (DA). According 
to Deauville Criteria (DC), 18F-FDG PET was interpreted as 
follows: 1 = no uptake above background, 2 = uptake equal to 
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or lower than mediastinum, 3 = uptake higher than mediasti-
num and lower than liver, 4 = uptake moderately increased 
compared to the liver and 5 = uptake markedly increased 
compared to the liver. With respect to the DC, 18F-FDG 
PET/CT scans were considered negative for scores 1–3 and 
positive for scores 4–5.

We measured the SUV, using both algorithms TOF and 
PSF, of the hypermetabolic lesions by drawing a region of 
interest (ROI) over the area of maximum activity and the 
SUVmax was calculated as the highest SUV of the pixels 
within the ROI. SUVmax of the liver was calculated at the 
VIII hepatic segment of axial PET images using a round-
shape ROI of 10 mm; SUVmax of the blood pool was cal-
culated at the aortic arch by not involving the vessel wall in 
a similar way. The lesion with the highest 18F-FDG uptake 
in each study was taken as reference lesion, and the SUVbw, 
SUVlbm, SUVbsa, L-L SUV R, and L-BP SUV R of that 
lesion were included for analysis. MTV was measured from 
attenuation-corrected PET images using a SUV-based auto-
mated contouring program (Advantage Workstation 4.6, GE 
HealthCare) with an isocounter threshold method based on 
41% of the SUVmax, as previously recommended by Euro-
pean Association of Nuclear Medicine because of its high 
inter-observer reproducibility [20]. Total MTV (tMTV) was 
obtained by the sum of all nodal and extranodal lesions. 
Bone marrow involvement was included in volume meas-
urement only if there was focal uptake; splenic involvement 
was considered if there was focal uptake in spleen or diffuse 
uptake higher than 150% of the liver background. TLG was 
calculated as the sum of the product of MTV of each lesion 
and its SUVmean. Semiquantitative analysis was performed 
by the same nuclear medicine physicians with long experi-
ence in lymphoma and in the use of Advantage Workstation 
4.6, GE HealthCare for contouring.

Statistical analysis

All statistical analyses were carried out using Statisti-
cal Package for Social Science (SPSS) version 23.0 for 
Windows (IBM, Chicago, Illinois, USA). The descriptive 
analysis of categorical variables comprised the calculation 
of simple and relative frequencies. The numeric variables 
were described as mean, minimum and maximum.

Mann–Whitney test was used to compare baseline 
metabolic features (SUVbw, SUVlbm, SUVbsa, L-L 
SUV R, L-BP SUV R, MTV and TLG) of the response 
(partial or complete response) and progressive metabolic 
response (progression of disease or relapse) groups at end 
of treatment.

For the entire population, receiver operating charac-
teristic (ROC) curve analysis was used to identify the 
optimal cutoff point of semiquantitative parameters in 
the light of which interpret the results of progression-
free survival (PFS) and overall survival (OS) (Table 1). 
Treatment response was defined according to the Lugano 
classification [18, 21]. PFS was calculated from the date 
of baseline 18F-FDG PET/CT to the date of first disease 
progression, relapse, death or the date of last follow-up 
detected by subsequent imaging techniques (CT, PET/CT). 
Progression/relapse was considered when a dimensional 
and/or numerical increase of lesion or an increase of FDG 
uptake after baseline PET/CT or the appearance of new 
lesions was demonstrated. OS was calculated from the date 
of baseline 18F-FDG PET/CT to the date of death from 
any cause or to the date of last follow-up. Survival curves 
were plotted according to the Kaplan–Meier method and 
differences between groups were analyzed using a two-
tailed log rank test. Cox regression was used to estimate 
the hazard ratio (HR) and its confidence interval (CI). A 
P value of < 0.05 was considered statistically significant.

Table 1   Receiver operating 
characteristic (ROC) curve 
analysis of metabolic PET/CT 
parameters

AUC​ area under curve, CI confidence interval, sens sensibility, spec specificity, SUV standardized uptake 
value, bw body weight, lbm lean body mass, bsa body surface area, L-L R lesion-to-liver ratio, L-BP R 
lesion-to-blood pool ratio, tMTV total metabolic tumor volume, TLG total lesion glycolysis

Parameter ROC curve

Cutoff AUC (95% CI) p value Sens (95% CI) Spec (95% CI)

SUVbw 4.7 0.541 (0.430–0.648) 0.513 29.8% (17.4–44.9) 42.5% (67.2–92.6)
SUVlbm 6.4 0.545 (0.435–0.653) 0.465 68% (52.9–80.9) 45% (29.3–61.5)
SUVbsa 1 0.539 (0.429–0.647) 0.527 21.3% (10.7–35.7) 90% (76.3–97.1)
L-L SUV R 3.68 0.525 (0.415–0.633) 0.688 82% (46–75) 52.5% (36.1–68.5)
L-BP SUV R 1.9 0.508 (0.399–0.617) 0.895 10.6% (3.6–23.1) 97.5% (86.8–99.6)
tMTV 78 0.612 (0.501–0.714) 0.063 79% (64.3–89.3) 47.5% (31.5–63.9)
TLG 1322 0.633 (0.523–0.734) 0.024 61.7% (46.4–75.7) 62.5 (45.8–77.3)
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Results

Tumor characteristics

Among 87 patients with histological proven MCL, 65 (75%) 
were male and 22 (25%) female; average age was 64.8 years 
with a range of 29–88 years. Patients were staged according 
to the Ann Arbor system as follow: stage I (n = 1), stage II 
(n = 5), stage III (n = 9) and stage IV (n = 72). B symptoms 
were present in 23 patients. Bulky disease was recognized 
in 12 cases (14%) while splenomegaly was identified in 37 
patients (43%). LDH level was high in 27 patients and MIPI 
score was inferior or equal to 2 in 41 cases. Baseline features 
of the patients are summarized in Table 2. Pathological 18F-
FDG uptake could be identified in all 87 patients showing 
the presence of at least one hypermetabolic lesion. Average 

SUVbw of the lesion with higher 18F-FDG uptake was 11 
(range 3.3–26.2); average SUVlbm was 6.7 (range 2.4–23.2), 
average SUVbsa was 2.4 (range 0.8–7.2), average L-L SUV 
R 4.7 (1.3–45), average L-BP SUV R 5.5 (1.5–54), average 
tMTV 628 cm3 (2–4000 cm3) and average TLG was 3417 
(6–23,000) (Table 2). All the patients had 18F-FDG-avid 
nodal disease; extranodal involvement included bone mar-
row in 39 (45%) patients and gastrointestinal system in 14 
(16%).

Treatment response

Based on Lugano classification metabolic response catego-
ries [18], at eotPET/CT 60 (69%) patients had complete 
response, 17 (20%) patients had partial response and 8 (9%) 
patients had progression of disease (Fig. 1).Two patients 
died before performing eotPET/CT (Fig. 2).

There was a statistically significant difference between 
tMTV and TLG of response group (complete or partial 
response) and progressive metabolic response group at 
end-of-treatment PET/CT (p 0.040 and 0.002, respectively; 
Table 3).

Other metabolic PET/CT features, as SUVbw, SUVlbm, 
SUVbsa, L-L SUV R and L-BP SUV R showed no statisti-
cally significant difference among these two groups. No sig-
nificant difference was demonstrated comparing only partial 
response and complete response groups.

Role of 18F‑FDG PET/CT in predicting PFS and OS

At a median follow-up of 40 months, relapse or progression 
of disease occurred in 47 patients with an average time of 
20.2 months (range 3–62 months) from the baseline PET/
CT and death occurred in 23 patients with an average time 
of 30.5 months (range 3–125). Among patients who had 
relapse/progression, negative eotPET/CT scans according 
to DC were present in 32 cases and positive in 13 (Deau-
ville score 4 in five cases and Deauville score 5 in eight). 
Among patients who died during the course of the disease, 
considering eotPET/CT 9 was positive using DC (score 
4 in four cases and score 5 in five) and 12 were negative. 
The median PFS was 30 months (range 3–130 months) and 
the median OS was 41 months (range 3–130 months). The 
estimated 2-year PFS and OS rates were 52% and 82%, 
respectively, while 3-year PFS and OS rates were 48% and 
72%, respectively. The description of the baseline functional 
PET/CT parameters studied is resumed in Table 2, which 
summarizes the results of the ROC analysis used to iden-
tify optimal cutoff points. In univariate analysis, SUVbw, 
SUVlbm, SUVbsa, L-L SUV R and L-BP SUV R were not 
related to outcome survival, both for PFS and OS (Fig. 3). 
Instead, tMTV and TLG were significantly correlated with 
prognosis considering PFS, while no significant association 

Table 2   Baseline characteristics of 87 patients

LDH lactate dehydrogenase, IPI international prognostic index, 
SUVbw standardized uptake value body weight, SUVlbm lean body 
mass, SUVbsa body surface area, BP blood pool, MTV metabolic 
tumor volume, TLG total lesion glycolysis

Patients n (%) Average (range)

Age (years) 64.8 (29–88)
Sex male 65 (75%)
Sex female 22 (25%)
Tumor stage at diagnosis (Ann 

Arbor)
 I 1 (1%)
 II 5 (6%)
 III 9 (10%)
 IV 72 (83%)

Blastoid variant 11 (12%)
B symptoms 23 (26%)
LDH ≤ 245 47 (64%)
 > 245 27 (36%)

β2-microglobulin ≤ 2.8 49 (73%)
 > 2.8 18 (27%)

MIPI score low (≤ 2) 41 (47%)
 High (> 2) 46 (53%)

Bulky disease 12 (14%)
Splenomegaly 37 (43%)
Ki-67 score ≤ 15% 40 (50.6%)
 > 15% 39 (49.4%)

SUVbw 11 (3.3–26.2)
SUVlbm 6.7 (2.4–23.2)
SUVbsa 2.4 (0.8–7.2)
Lesion-to-liver SUVmax ratio 4.7 (1.3–45)
Lesion-to-BP SUVmax ratio 5.5 (1.5–54)
MTV 628 (2–4000)
 TLG 3417 (6–23,000)
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was discovered analyzing OS (Fig. 4). Also, the presence of 
bulky disease, the presence of splenomegaly and high Ki-67 
score were significantly related to PFS, but not with OS. 
Other clinical/pathological features (sex, age, MIPI score, 

LDH level, β2-microglobulin level and blastoid variant) 
were not related to outcome (Table 4).

PFS was statistically significantly shorter in patients 
with eotPET/CT DC positive compared to negative, 

Fig. 1   A representative case of a 62-year-old female with stage IVB 
MCL and both nodal and extranodal (splenic) disease. Baseline maxi-
mum intensity projection (MIP, a) showing diffuse hypermetabolic 
lesion in many cervical, axillar (b), abdominal (c) and pelvic (d) 
nodes, and splenomegaly. Considering the lesion with higher uptake, 

SUVbw was 9.6, SUVlbm 6.3, SUVbsa 2.4, L-L SUV R 4.8, L-BP 
SUV R 5.6 and tMTV 625 and TLG 2447. End-of-treatment MIP 
(h) revealed no increased 18F-FDG uptake (Deauville score 1) in all 
body and previous hypermetabolic lesions disappeared (e, f, g)

Fig. 2   A representative case of a 80-year-old male with stage IV 
MCL with nodal and splenic disease FDG-positive at MIP (a); axial 
PET and PET/CT fused images showing FDG-avid lymph nodes in 
right axillar and mediastinum (b, c) and near to right common iliac 

artery (d, e). A subsequent PET/CT after 6 cycles of chemotherapy 
showing progression of disease (Deauville score 5) with new hyper-
metabolic lesions in left axillar (f, g) and near to left common iliac 
artery (h, i) and confirming by MIP (l)
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whereas eotPET/CT results according to DC did not pre-
dict OS. In fact, patients with a negative eotPET/CT (Deau-
ville score 1–3) had a significantly better outcome, with a 
2-year PFS of 70% and a 3-year PFS of 51% versus 33% 
and 19% (p < 0.001) for patients with positive eotPET 
(Deauville score 4–5). At multivariate analysis, only met-
abolic features (Deauville score, MTV and TLG) were 
confirmed to be independent prognostic factors for PFS 
(p < 0.001; = 0.049; = 0.019, respectively) (Table 4). Patients 
with a high tMTV (> 78 cm3) had a significantly shorter 
PFS, with a 3-year PFS of 36% versus 58% (p < 0.001) for 
patients with a lower tMTV. The same evidence was not con-
firmed considering OS: in patients with high tMTV, 3-year 
OS was 67% versus 75% (p NS) in patients with low MTV. 
Also, considering patients with high TLG (> 1322), PFS and 
OS was significantly shorter compared to low-TLG groups, 

with a 3-year PFS of 32% compared to 55% (p < 0.001); also, 
for TLG no significant differences in OS are demonstrated 
(3-year OS 67% vs. 72%; p NS).

Discussion

The molecular hallmark of MCL is the t(11;14) transloca-
tion, which results in cyclin D1 overexpression and con-
sequently increased cell proliferation [22, 23]. The high 
proliferation rate may contribute to MCL aggressiveness 
and poor clinical outcomes [24]. Despite the introduction 
of more aggressive treatments, relapses or progression of 
disease are still frequent, and we need further research into 
innovative management approaches. Moreover, there is a 
group of MCL patients with a more indolent course [25] and 
better identification of these patients may help to streamline 
management algorithms. Treatment of MCL is a challenge 
and often stays unsatisfactory and complete responses to 
the standard chemotherapy regimens are rare. Considering 
the aggressiveness of this disease and the absence of vali-
dated and shared prognostic factors, there will be increased 
need for pre- and post-therapy PET scans for evaluation of 
treatment response and prognosis. MCL lymphoma seems 
to be an FDG-avid lymphoma at presentation, as already 
described by several authors [9–11, 26], especially at nodal 
site of disease. Instead BM and GI localization seem to be 
less 18F-FDG avid with value of sensitivity reported in lit-
erature low [10–12]. Also, in our study, we found that all 
PET/CT were positive showing the presence of at least a 
hypermetabolic lesion consistent of MCL. In 2009, it was 
proposed a five-point scale called Deauville criteria (DC) to 
evaluate PET/CT results after treatment in lymphoma [27]; 
this scale using the mediastinum and liver activity as the 

Table 3   Comparison of baseline metabolic PET/CT features between 
no response and complete/partial response groups at end-of-treatment

SUV standardized uptake value, bw body weight; lbm lean body mass, 
bsa body surface area, L-L R lesion-to-liver ratio, L-BP R lesion-
to-blood pool ratio, tMTV total metabolic tumor volume, TLG total 
lesion glycolysis

Parameter (mean) End of treatment response p value

Progressive meta-
bolic response n 8

Complete/partial 
response n 79

SUVbw 11.1 9.5 0.726
SUVlbm 6.8 6.2 0.081
SUVbsa 2.4 2.3 0.965
L-L SUV R 5.5 4.6 0.678
L-BP SUV R 6.4 5.4 0.698
tMTV 1181 565 0.040
TLG 8447.4 2887.5 0.002

Fig. 3   Progression-free survival (a–e) and overall survival curves (f–j) according to baseline SUVbw, SUVlbm, SUVbsa, L-L SUV R, and L-BP 
SUV R
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reference standard has been recommended for reporting both 
interim and end-of-treatment PET for HL and several NHL 
[18, 21, 28]. In this study, we tried to validate this score also 
in MCL and we reached positive evidences; patients with 
negative DC at end of treatment PET had significantly longer 
PFS than patients with positive DC. This result was not con-
firmed considering OS where DC seems not to influence 
survival. Like us, the other authors [29, 30] showed that eot-
PET/CT results evaluated with DC are correlated with PFS. 
Mato et al. [5] studied this issue in non-transplanted subjects 
treated with the R-Hyper-C-VAD (fractionated cyclophos-
phamide, vincristine, doxorubicin and dexamethasone) regi-
men, and found results of the end-of-therapy PET scan to be 
highly predictive of long-term PFS. Instead, Czuczman et al. 
[31] in a multicenter open-label single-arm phase II study 
showed that the complete metabolic response at PET/CT was 
a good predictor of survival. In addition to 18F-FDG PET/
CT visual analysis and DC, also semiquantitative and quan-
titative PET/CT parameters have been studied as prognostic 
factors and predictor of treatment response. SUV is the most 
widely used and accepted index in the current published 
literature for assessing disease activity in lymphoma, but 
many factors can affect the reliability of this variable, such 
as time between injection and imaging acquisition, extrava-
sation of administered radiotracer at the site of injection, 
residual activity in the syringe, partial volume effects, decay 
of the injected dose, and technological features [32]. Instead, 
MTV and TLG can be considered a subsequent step because 

of features which take into account the dimension as well as 
the metabolic activity [32]. Several studies have shown the 
prognostic role of MTV and TLG in prognostic field of many 
lymphomas, both in HL and NHL [33–36]. However, so far, 
no specific studies have addressed MCL as a distinct sub-
type, focusing on the possible prognostic role of all these 
18F-FDG PET/CT parameters. Karam et al. [37] suggested 
that lower FDG avidity at presentation (SUVmax < 5) pre-
dicts an improved OS and disease-free survival (DFS) in 
patients with MCL. Also, Bodet-Milin et al. [38] stratified 
patients into high-risk versus low-risk groups using SUV-
max cutoff of six. In our study, we did not find any relation-
ship between SUVmax and outcome survival in agreement 
with other studies [10, 11]; probably due to the differences 
in the study populations as well as different types of scanners 
and image acquisition techniques. Other metabolic PET/CT 
features (SUVlbm, SUVbsa, lesion-to-liver SUVmax ratio 
and lesion-to-blood pool SUVmax ratio) were not previously 
described and so comparison is not possible.

In this study, we demonstrated that baseline total MTV 
and TLG, which represent a combination of tumor volume 
and metabolism, were robust predictor of outcome, only 
for PFS. These parameters include both morphological and 
metabolic features and may be considered an expression of 
tumor aggressiveness together with tumor size. Other studies 
demonstrated significant prognostic value of MTV and TLG 
in different lymphoma sub-types [39–44]. The use of MTV 
and TLG in clinical practice could probably be premature, 

Fig. 4   Progression-free survival (a, b, c) and overall survival (d, e, f) according to PET results, according to Deauville criteria, baseline tMTV 
and TLG threshold
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because of the lack of a standardized method for their meas-
urement. Different methods are proposed and a wide range 
of threshold levels have been used to calculate the volume-
based PET/CT parameters. We estimated the MTV using an 
isocontour threshold method based on 41% of the SUVmax, 
like proposed by Boellard et al. [20]. The real effectiveness 

of MTV and TLG in risk stratification and the possibility to 
combine these with other clinical/histological parameters 
should be evaluated in future studies and could be the key 
to better stratify MCL patients. In our paper, the main epi-
demiological (gender, sex), histopathological (Ki-67 score, 
LDH level, β2-microglobulin level, and blastoid variant) and 

Table 4   Univariate and 
multivariate analyses for PFS 
and OS

In the multivariate analysis, MTV and TLG were evaluated separately because to avoid multicollinearity
PFS progression-free survival, OS overall survival, HR hazard ratio, CI confidence interval, N° number, 
SUV standard uptake value, bw body weight, lbm lean body mass, bsa body surface area, L-L R lesion-to-
liver ratio, L-BP R lesion-to-blood pool ratio, tMTV total metabolic tumor volume, TLG total lesion glyco-
lysis
*Variables dichotomized using cutoff values after ROC analysis reported in Table 2

Univariate analysis Multivariate analysis

p value HR (95% CI) p value HR (95% CI)

PFS
 Sex 0.383 1.313 (0.687–2.654)
 Age 0.153 1.530 (0.838–3.097)
 MIPI score 0.932 1.218 (0.479–3.121)
 LDH level 0.121 0.610 (0.292–1.154)
 β2-microglobulin 0.895 1.053 (0.476–2.333)
 Ki-67 score 0.007 0.446 (0.216–0.787) 0.190 1.702 (0.770–3.764)
 Bulky disease 0.008 0.124 (0.102–1.715) 0.202 1.829 (0.726–4.605)
 Splenomegaly 0.048 0.578 (0.304–0.997) 0.165 1.806 (0.786–4.152)
 Blastoid variant 0.947 0.967 (0.372–2.518)
 Deauville score <0.001 0.356 (0.087–0.527) <0.001 3.987 (1.593–9.959)
 SUVbw* 0.236 1.446 (0.759–3.042)
 SUVlbm* 0.779 1.092 (0.583–2.053)
 SUVbsa* 0.279 1.459 (0.699–3.446)
 L-L SUV R* 0.729 1.107 (0.615–2.000)
 L-BP SUV R* 0.289 1.632 (0.589–5.881)
 tMTV* 0.023 0.459 (0.273–0.909) 0.049 0.228 (0.049–0.765)
 TLG* 0.009 0.506 (0.278–0.892) 0.019 0.354 (0.069–0.989)

OS
 Sex 0.211 1.759 (0.577–6.033)
 Age 0.375 1.270 (0.722–2.369)
 MIPI score 0.290 0.784 (0.239–2.494)
 LDH level 0.480 0.825 (0.450–1.454)
 β2-microglobulin 0.629 0.858 (0.420–1.689)
 Ki-67 score 0.385 0.804 (0.458–1.351)
 Bulky disease 0.075 2.054 (0.940–3.576)
 Splenomegaly 0.373 1.250 (0.754–2.113)
 Blastoid variant 0.350 0.722 (0.300–1.532)
 Deauville score 0.873 0.947 (0.466–1.909)
 SUVbw* 0.453 0.816 (0.464–1.408)
 SUVlbm* 0.160 0.698 (0.368–1.179)
 SUVbsa* 0.207 0.677 (0.363–1.245)
 L-L SUV R* 0.125 0.689 (0.376–1.127)
 L-BP SUV R* 0.307 0.631 (0.306–1.452)
 tMTV* 0.124 1.459 (0.891–2.583)
 TLG* 0.587 1.145 (0.695–1.908)
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morphological (splenomegaly and bulky disease) features 
were not correlated at multivariate analysis with outcome, 
despite positive correlation for Ki-67 score, bulky disease 
and splenomegaly at univariate analysis. Many authors agree 
that the blastoid variant of MCL has a more aggressive clini-
cal behavior with a very poor prognosis [10, 45, 46]. Instead 
in our paper, blastoid variant seems not to be related with 
outcome.

Considering OS, no significant prognostic factors were 
found. Probably, there is unknown factor or combination of 
several features which influence the risk of death; moreover, 
the low sensitivity of PET/CT in detecting bone marrow and 
gastrointestinal disease could explain the absence of prog-
nostic significance of PET/CT parameters considering OS.

The limitations of our study are the retrospective nature 
of the study design, the relatively low number of patients 
analyzed, also due to the rarity of the disease, the SUV 
values calculated using mixed algorithms (TOF and PSF), 
and the heterogeneous management of patients (as different 
chemotherapy regimens). Despite this, so far, the present 
study represents the first series of MCL investigated with 
an analysis of 18F-FDG PET/CT semiquantitative param-
eters and their possible prognostic role. In conclusion, in our 
study, we demonstrated that eotPET/CT results (evaluated 
according to Deauville criteria) and the metabolic tumor 
features (MTV and TLG) were significantly correlated with 
PFS. Moreover, baseline TLG and MTV were significantly 
lower in patient with response compared to patients without 
response at the end of therapy.
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